Measuring the state of polarization (SoP) of light beams is of paramount importance in many scientific and technological disciplines, including chemistry, biosensing, astronomy and optical communications. Commercial polarimeters are built by using bulky and expensive optical elements, including half-wave plates or grid polarizers, with little prospect for miniaturization. Inspired by the concept of spin-orbit coupling, here we introduce a nanophotonic polarimeter that measures the full SoP -Stokes parameters -of a light beam over an ultrabroad wavelength range. The active region of the device, formed by a metallic nanoantenna on top of a silicon waveguide crossing, is less than a square wavelength, one order of magnitude smaller than polarimeters based on metasurfaces and many orders of magnitude smaller than commercial devices. Our approach is universal and therefore applicable to any wavelength regime and technological platform, opening a new route for miniaturized polarimeters.
INTRODUCTION
The measurement of the state of polarization (SoP) of a light beam is essential in many scientific and technological disciplines, ranging from astronomy to optical communications. Typical polarimeters are built using bulky and expensive optical elements -mainly a combination of fixed or rotatable quarter-wave plates and linear polarizers -with little prospects for miniaturization. In the way towards miniaturization down to the nanoscale, it would be highly desirable to build the polarimeter on a photonic integrated circuit that can be fabricated using standard semiconductor fabrication tools. This would enable numerous advantages, such as cost-effectiveness, easy integration with electronics or massscale production. A suitable way to reduce the device dimensions to the scale of the wavelength or below is the use of plasmonic nanostructures [1] . The unprecedented properties of light manipulation provided by plasmonic metasurfaces can also be used for SoP measurement, as demonstrated also in recent experiments. Although the metasurface approach enables a good performance over wide bandwidths, it relies on an extended interaction between different plasmonics elements or nanoantennas, being the total size of the order of tens of square microns [2] , [3] . Miniaturization down to the square micro level can be done using the extreme field localization properties of plasmonic nanoresonators. Following this idea, nanoscale polarimeters for visible wavelengths relying upon the polarization-sensitive response of plasmonic nanoresonators have been demonstrated [4] , [5] . However, such approaches require metal drilling with resolution down to the 10-nm level, which can be done using ion-beam milling, a fabrication tool not compatible with standard semiconductor fabrication technologies.
Here, we introduce and demonstrate a nanophotonic Stokes polarimeter integrated on a silicon chip fulfilling the requirement of fabrication using standard tools and exhibiting other advantages such as extremely small footprint (the active region occupies less than a square wavelength), ultrabroad-bandwidth (in principle, unlimited), and low-insertion losses (to be potentially used in an inline configuration). The polarimeter consists of a metallic nanoantenna asymmetrically placed on top of the crossing between two perpendicular silicon waveguides. This configuration allows to map the polarization state of an incident light beam into optical powers propagating along the four available guided paths. After detecting the optical power at the output waveguides, we are able to retrieve the original SoP of the incoming light. This nanophotonic device could pave the wave to on-chip ultracompact polarimeters capable to produce real-time measurements of the SoP, which could find applications in a wide variety of scientific and technological disciplines. 
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DESCRIPTION OF THE NANOSCALE ON-CHIP POLARIMETER
Let us start with a plasmonic nanoantenna (for instance, a metallic disk) placed on top of a dielectric waveguide. Under normal illumination, the nanoantenna scatters part of the incoming radiation into guided optical power. If the nanoantenna is symmetrically placed with respect to the waveguide optical axis, the scattering will be polarization independent. However, if the position of the nanoantenna is shifted, the scattering will become polarization-independent because the evanescent tails of the waveguide modes exhibit an intrinsic quantum spin Hall effect (QSHE) of light [6] . In particular, the evanescent field of silicon waveguide modes has a remarkable longitudinal component when we approach to the waveguide boundaries [7] . The QSHE of light converts the spin of the incident radiation into a given momentum or propagation direction in the waveguides via spin-orbit interaction [8] . In other words, the asymmetry in the position of the nanoantenna on the waveguide enables to map the polarization of the incoming field into the direction of propagation of a guided wave [9] .
Some of the authors used this approach to demonstrated separation of photons according to their polarization into opposite propagation directions in a waveguide. The main idea was to attach a subwavelength scatterer or nanoantenna to a silicon waveguide, breaking the longitudinal symmetry. Depending on the shape of the nanoantenna, we were able to sort linearly-as well as circularly-polarized infrared photons using a rectangular [10] or a circular silicon nanoantenna [11] , respectively. When used in transmission, this is, feeding the nanoantenna by injecting light to both waveguide input ports, we demonstrated the possibility to synthesize arbitrary SoPs of the emitted radiation [12] . The polarizationsensitive response of the such nanoantennas does not rely on complex nanoscale shaping of metallic surfaces, as in [4] [5], which enormously facilitates fabrication. Indeed, in this approach, the elements are fabricated on a silicon chip using standard semiconductor fabrication processes, which should facilitate the realization of devices for polarization management.
In principle, this approach could be generalized to get the SoP of an incoming signal. By placing the nanoantenna on a waveguide we get two measurements (the optical power measured at each waveguide output) that give us information on the SoP. However, to fully determine the full SoP, this is, the four Stokes parameters of the incoming signal, at least four independent measurements are required to be taken. To accomplish this requirement, we propose to upgrade the twooutputs nanoantenna-waveguide system to a new configuration having two crossing perpendicular waveguides with a metallic scatterer (for instance, a gold disk) placed on top of the crossing, as schematically depicted in Fig. 1 . 
Where I H , I V , I 45 , I 135 , I R and I L are the power densities (in W/m 2 ) measured when the light beam passes across a linear horizontal, a linear vertical, a 45º-linear, 135º-linear, right-handed circular and left-handed circular ideal polarizers, respectively. The scatterer acts as a polarization-sensitive nanoantenna that maps the polarization of the incoming radiation into the optical power propagating towards the four output ports (P 1 , … , P 4 ). Indeed we can define the polarization-dependent effective area of each nanoantenna-output waveguide pair as the ratio between the optical power at the waveguide output and the incident power density for a given polarization, 
If the position of the nanoantenna (x 0 , y 0 ) is chosen so that |x 0 |≠|y 0 | -in order to introduce the asymmetry requested for having longitudinal field components and, as a result, spin-orbit coupling -then the optical powers at each outputs will not be linearly dependent and W r will be invertible, so can recover the SoP of the incident wave as = •
Where P r is the vector formed by the optical power measured at the waveguide outputs. Therefore, by simply measuring the optical power at each waveguide output we are able to retrieve the SoP of the input beam. The key point is, however, to obtain the polarimetric measurement matrix, which can be consider as a calibration of the system before the measurement of arbitrary SoPs are performed. In the next section we show how this approach works using numerical simulations.
NUMERICAL SIMULATIONS OF THE NANOPOLARIMETER
Numerical simulations were performed with the commercial software CST Microwave Studio, typically used for threedimensional modelling of metallic and dielectric photonic nanostructures. An incident plane wave pulse centered at a wavelength pf 1550 nm was simulated to impinge on the metallic nanoantenna placed on top of the silicon waveguide crossing (see Fig. 2 caption for details) . The polarization of such wave was changed to get the six possible polarization states (i.e. H, V, 45, 135, R and L) and the amplitude of the TE-like mode in each output waveguide was recorded for each polarization. By performing the Fourier transform on the signal recorded at each output port, we were able to obtain the spectrum of the effective area for each input SoP-output port pair. The results of the effective areas in each port for the calibration input polarizations in the wavelength window between 1.1 and 1.9 µm are depicted in Figure 2 . With these results, we are able to determine the matrix via Eq. (2) This procedure is equivalent to calibrate the polarimeter since it enables to get the matrix at any wavelength via numerical simulations (the same process could be done experimentally, as discussed below). Once we have of our particular device (notice that will change as soon as we modify some of the paratmeters of the poalrimeter, such as the nanoantenna position of the waveguides width) we would be able to get the SoP of any incoming signal by measuring the output power at each port (thus obtaining ) and then aappliying Eq. (3). In the next section we show some of the experimental results we have obtained. 
EXPERIMENTAL RESULTS
To experimentally demonstrate the performance of the nanophotonic polarimeter, we fabricated several samples using standard silicon microfabrication processes. The silicon waveguides and crosses were fabricated on standard silicon on insulator (SOI) samples from SOITEC wafers with a top silicon layer thickness of 250 nm and a buried oxide layer thickness of 3 um. The waveguides fabrication is based on an electron-beam direct-writing process performed on a coated 100 nm hydrogen silsesquioxane (HSQ) resist film. The electron-beam exposure, performed with a Raith150 tool, was optimised in order to reach the required dimensions employing an acceleration voltage of 30 KeV and an aperture size of 30um. After developing the HSQ resist using tetramethylammonium hydroxide, the resist patterns were transferred into the SOI samples employing an optimised Inductively Coupled Plasma-Reactive Ion Etching process with fluoride gases. After etching, a second e-beam exposure prior to a metal evaporation and lift-off processes were carried out in order to define the 40nm thickness gold disks on the waveguide crosses. A 2 nm titanium layer were also evaporated to improve gold adhesion. Finally, a micron-thickness silicon dioxide uppercladding was deposited on the SOI sample by using a Plasma Enhanced Chemical Vapour Deposition (PECVD) system from Applied Materials. A scanning electron microscope image of one of the fabricated samples is shown in Fig. 3 . Figure 3 . Scanning electron image of one of the fabricated nano-polarimeters. It can be seen that the gold nanoantenna, with circular shape, is asymmetrically placed on top of the crossing between silicon waveguides. The footprint of the system is much smaller than the wavelength of the incoming signal (1550 nm).
The experimental setup is similar to that employed and described in Ref. [10] . In brief, the active region of the sample is illuminated from a cleaved optical fiber with a special final section containing a 2 mm long quarter wave plate. The output waveguides were bent so that all of them ended at the same side of the chip and the output power was measured using a near-infrared camera. The input polarization was changed using polarization controllers so that it was monitored by using a rotating quarter wave plate, a linear polarizer and a power detector placed behind the sample. The first step consists of calibrating the polarimeter by obtaining the matrix from experimental measurements. To this end, we measured the output power of the device for the six calibration input polarizations, at a wavelength of 1550 nm, in order to determine each element of the matrix. Once the polarization measurement matrix is known, we can retrieve the SoP of the input beam by simply measuring the optical power at the four outputs, as described in Eq. (3). So we verified the performance of the device by changing the input polarization and measuring the output ports. The results are showed in Figure 4 , where the input polarization is depicted in solid line and recovered polarization is depicted in dashed line. Note that our device is able to recognize the angle of incoming light polarization, and also the ellipticity and handedness, even two the foot-print of the interaction region is much smaller than a square wavelength. Still, some deviations between the real and measured SoP are observed. Such deviations in the recovered polarization can be caused by minor instabilities in the Stokes vector recovery using the polarimetric measurement matrix. These instabilities could be alleviated by improving the matrix condition number, by reducing light dependences between the outputs response or by refining the calibration input polarization. We are currently working along such ways in order to reduce the errors in the measured polarizations.
CONCLUSIONS
In conclusion, we have introduced a new photonic circuit that enables a real-time analysis of the incoming SoP in real time. Our device is based on the spin-orbit interaction of the light scattered by a plasmonic nanoantenna placed at the top of the crossing between two perpendicular silicon waveguides. Such interaction provokes that the nanoantenna-waveguide response, which can be modelled by an effective area, is strongly dependent on the polarization of the incoming signal. This allows to obtain four independent measurements of each polarization state as requested in Stokes polarimeters. After calibration, our device allows to get the SoP of the incoming signal over a very broad bandwidth (in principle, unlimited). Our device presents an ultrasmall footprint (much smaller than the wavelength) orders of magnitude smaller than commercial polarimeters and more than one order of magnitude smaller than metasurface polarimeters. The device can be fabricated on a silicon chip using standard semiconductor fabrication tools and equipment, which should enable low-cost mass-manufacturing,
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Silicon waveguide though the concept is general and can be transferred to any technological platform or optical wavelength. Though some deviations have been observed when retrieving the SoP, this Stokes polarimetry could find application in polarimetry, spectrometry or high speed optical communications, becoming the first application resulting from the recently discovered QSHE of light. 
